Suberin from the roots of carrots (Daucus carota), parsnip (Pastinaca sativa), rutabaga (Brassica napobrassica), turnip (Brassica rapa), red beet (Beta vulgaris), and sweet potato (Ipomoea batatas) was isolated by a combination of chemical and enzvmatic techniques. Finely powdered suberin was depolymerized with 14% BFs in methanol, and soluble monomers (20-50% of suberin) were fractionated into phenolic (< 10 % ) and aliphatic (13-35%) fractions. The aliphatic fractions consisted mainly of w-hydroxyacids (29-43%), dicarboxylic acids (16-27%), fatty acids (4-18%), and fatty alcohols (3-6%). Each fraction was subjected to combined gas-liquid chromatography and mass spectrometry. Among the fatty acids very long chain acids (>C2o) were the dominant components in all six plants. In the alcohol fraction C18, C20, C2, and C24 saturated primary alcohols were the major components. C16 and Ci8 dicarboxylic acids were the major dicarboxylic acids of the suberin of all six plants and in all cases octadec-9-ene-1,18-dioic acid was the major component except in rutabaga where hexadecane-1 ,16-dioic acid was the major dicarboxylic acid. The composition of the w-hydroxyacid fraction was quite similar to that of the dicarboxylic acids; 18-hydroxy-octadec-9-enoic acid was the major component in all plants except rutabaga, where equal quantities of 16-hydroxyhexadecanoic acid and 18-hydroxvoctadec-9-enoic acid (42% each) were found. Compounds which would be derived from 18-hydroxyoctadec-9-enoic acid and octadec-9-ene-1, 18-dioic acid by epoxidation, and epoxidation followed by hydration of the epoxide, were also detected in most of the suberin samples. The monomer composition of the six plants showed general similarities but quite clear taxonomic differences.
teins or carbohydrates perform this function in animals. Cutin, the polymeric material which covers the aerial parts of plants, has been subjected to modern analytical techniques in recent years (2-5, 7, 8, 10-12, 14) . This polymer consists of various combinations of two families of monomer acids, a C1,-family and a C10-family (1 1). The major components of the former are hexadecanoic acid, 1 6-hydroxyhexadecanoic acid, 10,1 6-dihydroxyhexadecanoic acid, and its positional isomers, whereas the latter consists of octadecenoic acid, 18-hydroxyoctadec-9-enoic acid, 1 8-hydroxy-9, 1 O-epoxyoctadecanoic acid, 9,10, 18-trihydroxyoctadecanoic acid, and A12 unsaturated analogues of these acids. Unlike cutin, the protective polymer of the underground parts of plants, generally called suberin, has attracted little attention except for the suberin of potato tubers (1, 9, 13) . Recent experimental evidence suggests that these protective polymers may play a key role in the interaction between plants and pathogens (6) . Yet, little is known about the structure and composition of the polymer which covers the underground parts of plants. In this paper we describe the monomer composition of suberin from the underground parts of several plants of economic importance.
MATERIALS AND METHODS
Roots of carrots (Daucus carota), parsnip (Pastinaca sativa), rutabaga (Brassica napobrassica), turnip (Brassica rapa), red beet (Beta vulgaris), and sweet potato (Ipomoea batatas) were purchased from a local grocery store. Aspergillus niger cellulase and fungal pectinase were from Sigma Chemical Co.; 14% BF, in methanol was prepared by passing BF, into anhydrous methanol.
Preparation of Suberin. The root tissues were quartered and as much internal tissue as possible was removed. The skin portion, with substantial amount of adhering internal tissue, was boiled in an aqueous solution of oxalic acid (4 g/l) and ammonium oxalate (16 g/l). The skin, which readily separated from the bulk of the internal tissue, was physically separated and was washed thoroughly with H,O. In the case of carrots, the skin was scraped with a knife into the solution of oxalic acid and ammonium oxalate, and the remaining steps were identical in all cases.
The skin material was soaked and then washed with an excess of a 2: 1 mixture of chloroform and methanol. The to be recorded. The fatty alcohols were analyzed as their trimethylsilyl ethers at 230 C, with a change in temperature to 250 C after C20 alcohol emerged and a further change in temperature to 280 C after C,_ or C24 alcohol had emerged.
Dimethyl esters of dicarboxylic acids were analyzed with a column temperature of 220 C, with a temperature change to 250 C after C18 dicarboxylic acid had emerged. The methyl esters of 0)-hydroxyacids were analyzed as their trimethylsilyl ethers at the same temperature as dimethyl esters of dicarboxylic acids. The more polar fractions were also subjected to GLC as their trimethylsilyl ethers with a column temperature of 250 C. The effluent of the gas-chromatograph (Varian Aerograph Model 328) was passed into a Perkin-Elmer-Hitachi RMU6D mass spectrometer through a Bieman separator interphase. The mass spectrum of each component was recorded with an ionizing voltage of 70 ev. When two components could not be completely resolved, the spectra were recorded at the rising front of the first component and the descending side of the second component. In order to make sure that even the symmetrical peaks did not constitute a mixture of unresolved components, spectra were recorded at the apex and on the ascending and descending sides of each peak.
Chemical Conversions. Trimethylsilyl ethers were prepared by heating the sample (0.1 to 2 mg) with an excess (0.2 ml) of N, O-bis(trimethylsilyl)acetamide (Sigma Chemical) for 1 5 min at 90 to 100 C. In order to determine the position of the double bond in the 18-hydroxyoctadecenoic acid and octadecene-I , 18-dioic acid, about 2 mg each of the correVponding methyl ester fraction obtained by TLC was treated with a 0.1 % solution of OsO, in an 8:1 mixture of ethyl ether and pyridine for 2 hr. After treatment of the reaction mixture with aqueous meth-nolic Na..SO., the resulting precipitate was removed by centrifugation and the precipitate was washed once with methanol. The products were extracted from the combined suLpernatant with ethyl ether.
RESULTS AND DISCUSSION
Isolation and Depolymerization of Suberin. Structural information about the suberin of the underground parts of p1ants appears to be confined to potato tubers (1, 9, 13). Based on the structural studies on this one species, certain generalizations about suberin structure were drawn so that a distinction between this type of polymer and a related polymer cutin could be made (9) . In order to test the validity of such generalizations we examined the structure and composition of the suberin of six commonly used root crops, namely carrots, parsnip, sweet potato, turnip, rutabaga, and red beet. The skin from these tissues could be easily loosened by the same treatment as that previously used for the isolation of cutin from fruits and leaves. The purified suberin, obtained after removal of the soluble lipids by repeated solvent extraction, and the carbohydrate material by treatment with cellulase and pectinase had a porous, spongy appearance under the light microscope.
Treatment of the finely powdered suberin with 14% BF2 in methanol resulted in transesterification of the ester-linked monomers and this treatment gave rise to chloroform-soluble products which constituted 20 to 50% of the total suberin preparation. The amount of this lipid fraction varied from a low value of 20% for beet root suberin to a high value of nearly 50% for rutabaga suberin (Table I ). This lipid extract was intensely colored indicating the presence of phenolic materials. Extraction of the lipid solution with I N KOH, followed by isolation of the phenolic material from this extract, gave a phenolic fraction. The remaining material designated as the aliphatic fraction constituted 13 to 35% of the total suberin preparation. The phenolic fraction constituLted less than 1O% of the total suberin. This phenolic fraction represents only the Table II . In all cases w-hydroxyacids and dicarboxylic acids constituted the major components, just as previously found in the suberin from potato tubers (1, 9, 13) . Fatty acids constituted a significant component of suberin in all plants examined. The fatty alcohol fraction was a relatively small component (about 5%) in all cases. Minor components more polar than o-hydroxyacids were detected, but it was not feasible to isolate them individually for structural studies. Therefore, silica gel from a wide region of the chromatogram between the methyl esters of a-hydroxyacids and the origin was eluted to give a polar fraction. This fraction constituted only about 3 to 4% of the aliphatic materials. Excluding the materials that remained at the origin, the recovery of all the fractions together was 70 to 80%, with an average of 75%. The materials that remained at the origin were not subjected to structural studies except certain components discussed in a later section of this paper. The over-all distribution of monomers among the various fractions is similar in all the plants examined here, and this distribution pattern is similar to that of potato tuber suberin examined previously (1, 9) .
Fatty Acids. The fatty acid methyl ester fraction was subjected to combined GLC-MS in order to determine the structure and composition of this fraction. Identification of each component was based on comparison of the retention time with that of authentic fatty acid methyl ester and by its mass spectrum. The diagnostic ion in each case was M+, M-29, M-3 1, and M-43 in the high mass region and the base peak at m/e 74 followed by an intense ion at m/e 87. The composition, summarized in Table III , shows that suberins from all of the six sources contained large proportions of very long chain acids (>C20). However, the fatty acid pattern did also show taxonomical differences. For example, carrot and parsnip showed similar patterns with C18, C2, C, and C.4 as the most dominant acids.
Even within this pair, carrot suberin differs from the suberin of parsnip in that the former contains more C-acid while the latter contains more C,, acid. Suberin acids of rutabaga and turnip were similar, with C.0 acid as the dominant component.
These suberin samples also contained linoleic acid and linolenic acid, whereas the other four plants contained only monounsaturated C18 acid, except for carrot which contained a small amount of diunsaturated C18 acid. Suberin from sweet potato was characterized by the presence of a large proportion (85%) of fatty acids longer than C24, which constituted only a minor fraction of the fatty acids of the suberin of the other plants examined. Suberin of red beet root appears to be in a class by itself with C20 and C2 as the dominant acids. (Table IV) also showed some general similarities and fairly clear taxonomical differences. Alcohols from all of the six plants contained an even number of carbon atoms, except in sweet potato where small quantities of odd chains were also found. Alcohols were all saturated except in rutabaga and turnip where monounsaturated C15 alcohol was detected. The dominant alcohols were Cl., C20, C,2, and C24 and they generally reflected the composition of fatty acids of the same plant. For example, sweet potato. which contained extremely long acids, also contained these long fatty alcohols. However, the fatty alcohol pattern was not identical to the fatty acid pattern. Generally, the fatty alcohol fractions contained higher proportions of shorter chains when compared to fatty acid patterns of the same plant. For example, in sweet potato suberin 85% of the acids were longer than C24, while only less than 5% of the alcohols were in this chain length range. In turnip over 70% of the alcohols were C,1 or shorter, while only about 23% of the acid fraction was of this size. However, this distinction should not be used to draw conclusions about their biosynthetic relationships, as no information concerning the enzyme specificities or the precursor pools is available.
Dicarboxylic Acids. The dicarboxylic acid dimethyl esters were identified by their mass spectra. The most significant diagnostic ions of the saturated dicarboxylic acids were an extremely weak molecular ion, a relatively intense M-3 1, M-73, M-92, M-105, and M-123. In the case of unsaturated dicarboxylic acids, a fairly strong molecular ion, M-32, M-50, M-64, and M-92 were the major diagnostic ions (4, 9) . The compositions of dicarboxylic acids (Table V) show similarities among the six species as well as taxonomical differences. In all cases unsaturated C10 dicarboxylic acid was a major component, and saturated C,1 dicarboxylic acid was present in smaller quantities. All species contained significant quantities of C10 saturated dicarboxylic acid and smaller quantities of dicarboxylic acids longer than C10. Odd chain dicarboxylic acids were detected in all plants in very small quantities. The dicarboxylic acid composition of the suberin from parsnip was very similar to that of carrot, whereas turnip and red beet showed similar composition. Only in rutabaga suberin, saturated C16 dicarboxylic acid was the major component of the dicarboxylic acid fraction. In sweet potato suberin, the unsaturated C10 dicarboxylic acid showed the extent of dominance (>80%) previously observed in potato tuber suberin.
Because the dominant dicarboxylic acid was unsaturated and the position of the double bond could not be determined from the mass spectrum, the dicarboxylic acid dimethyl ester fraction derived from each suberin was treated with OsO4, which converts olefins into diols. In all cases, TLC of the OsO-treated fraction showed two components, one of which had an RF identical to dimethyl ester of dicarboxylic acids, whereas the other was more polar. GLC-MS of the dicarboxylic fraction showed the absence of unsaturated components. Gas chromatography of the polar fraction, as its trimethylsilyl ether, showed one dominant component in all cases. The mass spectrum of this component showed no discernible molecular ion, but significant ions were observed at m/e 503 (M-15), 487 (M-31), 471 (M-47), 428 (M-90), and at 413 (M-90-15). These ions indicated that the compound was a di(trimethylsiloxy)octadecane-1 18-dioic acid dimethyl ester. The base peak of the spectrum was at m/e 259, showing that the trimethylsiloxy functions were at C-9 and C-10 positions. This conclusion was confirmed by the presence of significant ions at m/'e 361 and 271, together with the ion at m/e 332 which is produced by trimethylsilyl migration to the carbonyl oxygen (5) . Thus, the unsaturated dicarboxylic acid, from which this compound was produced by OSO4 treatment, was octadec-9-ene-1, 18-dioic acid. The suberin of only red beet and turnip showed the presence of small quantities of unsaturated C-, dicarboxylic acid. However, the position of the double bond in this molecule was not determined, because adequate amounts of the material were not obtained. (Table VI) showed general similarities and taxonomic differences. In all of the six plants examined, monounsaturated C18 was a major component and all of the suberin samples contained C.0 and longer w-hydroxy acids. w-Hydroxy acids with an odd number of carbon atoms were not significant components of the suberin of any of the plants examined. As observed in some of the other fractions, composition of the o-hydroxy acids of parsnip was similar to that of carrot, whereas the pattern of turnip resembled that of red beet. In sweet potato suberin, unsaturated o-hydroxy C1, acid was the dominant (-91 %) component, just as previously observed in potato tuber suberin. Very long (>C,) w-hydroxy acids were found only in sweet potato suberin, and this pattern reflects the composition of the fatty acid fraction. The dicarboxylic acid fraction of sweet potato did not contain such very long chains. Similar results were obtained with potato tuber suberin (9) . Because the mass spectrum of the unsaturated w-hydroxy C18 acid does not provide information on the position of the double bond, the w-hydroxy acid methyl ester fraction from each suberin sample was treated with OSOs. TLC of the products revealed two components in all cases. One of these components showed an RF value identical to that of -hydroxy acid methyl ester while the other component was more polar. GLC-MS of the w-hydroxy acid fraction showed only saturated compounds. GLC of the polar fraction, as its trimethylsilyl ether, showed only one component. The mass spectrum of this component in each case showed an extremely weak molecular ion at m/e 562 and fairly intense ions at m/e 547 (M-15) and 531 (M-3 1). Two major ions, which were obviously derived by cleavage between the trimethylsiloxy functions, were observed at m/e 259 and 303. Therefore, the vicinal trimethylsiloxy functions were at C-9 and C-10. The rearrangement ion derived from the trimethylsilyl migration to the carbonyl oxygen was also found at m/e 332 (5) . From these results it is clear that the unsaturated -hydroxy C,5 acid from which the trihydroxy acid was derived was 1 8-hydroxyoctadec-9-enoic acid.
Minor Components. The thin layer chromatographic fractions containing the minor components more polar than w-hydroxy acids was subjected to GLC-MS analysis as their trimethylsilyl ethers. On the basis of the retention times and mass spectra, several compounds, which could be biosynthetically derived from 18-hydroxyoctadec-9-enoic acid and octadec-9-ene-1,18-dioic acid, were identified. In all cases, the spectra were similar to those obtained previously (5, (7) (8) (9) , and therefore, only the most significant diagnostic ions are mentioned below. The high and low mass region as well as the expected elimination of methanol and trimethylsilanol from the major ions are not discussed. Dimethyl ester of 9,10-epoxy-octadecane-1 18-dioic acid was identified by the mass spectrum of the trimethylsilyl derivative of the methanolysis product of the oxirane. The diagnostic ions, excluding the molecular ion region of the spectrum, are indicated in Scheme I. The most significant ions were at m/e 259 (base peak) and a relatively weak ion at m/e 201 derived by cleavage between the mer303i) 259 201 55, 1975 thoxy and trimethylsiloxy functions, the rearrangement ion [CH3OCH(CHj)7C(OCH2)OTMSi]' at m/e 274, and a weak ion at m/e 303 carrying both the methoxy and the trimethylsiloxy group. 18-Hydroxy-9, 10-epoxy-octadecanoic acid methyl ester was also identified by the mass spectrum of the trimethylsilyl ether of the methanolysis product of the oxirane (8, 9) . In this case, methanolysis of the oxirane produces two isomers, 9,18-dihydroxy-10-methoxyoctadecanoic acid methyl ester and 10,18-dihydroxy-9-methoxyoctadecanoic acid methyl ester. The most significant diagnostic ions were the a-cleavage ions at m/e 259 (base peak) and at m/e 303, and the rearrangement ion at m/e 274 (Scheme I). The a-cleavage ions at m/e 245 and 201 were weak. The trimethylsilyl ether of 9,1 0-dihydroxyoctadecane-1 , 18-dioic acid dimethyl ester was identified by the following ions: (1) the base peak at m/e 259 derived by acleavage between the two vicinal trimethylsioxy groups, (2) a significant ion at m/e 361 containing both trimethylsiloxy functions, (3) the ion at m/e 271 derived by elimination of trimethylsilanol from the ion at m/e 361, (4) the rearrangement ion at m/e 332. 9,10,18-Trihydroxyoctadecanoic acid was identified by the mass spectrum of the trimethylsilyl ether of its methyl ester. In this case, the most dominant diagnostic ions were the a-cleavage ions at m/e 259 and 303 and the rearrangement ion (at m/e 332) derived by the migration of the trimethylsilyl group to the carbonyl oxygen.
9,10-Epoxyoctadecane-1,18-dioic acid and 18-hydroxy-9, 10-epoxyoctadecanoic acid were identified in the polar fractions obtained from the suberin of all six plants. 9,1 0-Dihydroxyoctadecane-1, 18-dioic acid was identified in the suberin of carrot, rutabaga, and turnip. 9,10,18-Trihydroxyoctadecanoic acid was found in the suberin of all plants examined except turnip and red beet. These four polar compounds were only minor components and, therefore, their unsaturated analogues, if present in very small quantities, could have gone undetected in the present study.
Other minor components were also detected in the suberin of some of the plants. For example, in rutabaga suberin a mixture of positional isomers of C16 hydroxydicarboxylic acids which would be expected to be derived from a mixture 6,16-, 7,16-, 8,16-, 9,16-, and 10,16-dihydroxyhexadecanoic acid were tentatively identified, while in red beet suberin the Ci,; hydroxydicarboxylic acids expected to be formed from 9,16-and 10,16-dihydroxyhexadecanoic acid were found. These positional isomers of dihydroxy C16 acids have been found in cutin 
50-C,I
C (2, 8, 14) . Saturated alkane-a, w-diols (C1,-C24) were detected in some plants. For example, in sweet potato, C20 and C22 diols were identified, while in beet C20, C., and C24 diols were detected.
Thin layer chromatograms of the aliphatic fractions from the suberin of all of the six plants showed a weak band (RF 0.3) migrating between dimethyl ester of the dicarboxylic acid and fatty alcohol. This fraction was tentatively identified by GLC-MS analysis (Fig. 1) . Its mass spectrum showed a molecular ion at m/e 372 and significant ions at m/e 357 (M+-CH3), 341 (M+-CH30), 325 (M+-CH3-CH30H), 309 (M+-CH30-CH3OH), and 277 (M+-CH,O-2CH3OH). The metastable ion representing the transition (M-15) -> (M-47) was also observed. The most dominant ions in the spectrum were at m/e 215 and 201, representing a-cleavage on either side of the methoxy group located at the 9 position. The other strong ions at m/e 183 and 151 probably originated from the ion at m/e 215 by two methanol eliminations, while the ions at m/e 169 and 137 were probably derived in a similar fashion from the a-cleavage ion at m/e 201. Thus, this compound was tentatively identified as dimethyl 9-methoxyoctadecane dioate. It most probably originated by a BF3-catalyzed methanol addition across the double bond of octadec-9-ene-1, 18-dioic acid during the prolonged treatment used in the depolymerization procedure. A similar methanol addition product, probably derived from methyl 18-hydroxyoctadec-9-enoate, showed an RF slightly less than that of the methyl ester of the 0)-hydroxy acids. It was identified by its mass spectrum as described before (9) . The formation of these two artefacts might be minimized by a shorter depolymerization time.
CONCLUSIONS
On the basis of the data presented in this paper, certain generalizations can be drawn regarding suberin structure. The major aliphatic monomers of suberin are (o-hydroxy acids and dicarboxylic acids, both of which usually contain a C18 monounsaturated major component. Presence of significant amounts of long chain (>C20) acids and alcohols is another characteristic of suberin. In contrast to suberin, the polymers that cover the aerial parts of plants contain very presented here strongly support the guidelines proposed earlier (9) for classification of hydroxy acid phytopolymers as cutin or suberin on the basis of monomer composition.
A comparison of the monomer composition of suberin also reveals chemotaxonomical relationships. Suberin composition of carrot and parsnip, the two members of the Umbelliferae family, was similar whereas rutabaga and turnip, both of which belong to Cruciferae family, have fairly similar suberin composition. The similarities between the suberin composition of sweet potato and potato tuber are consistent with the close taxonomical relationship between Convolvulaceae and Solanaceae within the same order. Even though red beet (Chenapodiaceae) is not closely related to turnip (Cruciferae) the composition of the dicarboxylic acids and the w-hydroxy acids of the suberin of these two plants showed surprising similarity.
